N ephrolithiasis or renal colic is a common presenting complaint in the emergency department (ED), with a lifetime incidence of 12% and recurrence rates of up to 50%, resulting in 2.1 million annual visits to U.S. EDs. [1] [2] [3] The diagnosis of renal colic is suggested by sudden onset paroxysmal flank pain and microscopic hematuria. Key historical features that increase the likelihood of renal colic include flank pain, pain duration less than 6 to 12 hours, nausea, vomiting, male sex, nonblack race, and a positive family history of kidney stones. 4, 5 However, history and physical examination alone are imperfect in diagnosing renal colic, and further investigations are warranted.
Once clinically suspected, renal colic can be further investigated by a variety of tests. Urinalysis demonstrating microscopic hematuria has moderate to high sensitivity (68.5%-92.9%), but a low specificity (27.3%-47.9%), with sensitivity decreasing with time from symptom onset. [6] [7] [8] [9] In the past, imaging modalities have included x-ray, intravenous pyelogram (IVP), and radiology department-performed ultrasound. Abdominal radiography has modest sensitivity (29.4%-59.0%), with sensitivity depending on stone composition, location, size, and patient body habitus. 10, 11 Specificity of abdominal x-ray is 70.8% to 77.0% and is limited by false positives such as pelvic phleboliths and intraabdominal calcifications. 10, 11 In recent years, computed tomography (CT) has become the modality of choice due to its high sensitivity and perceived usefulness for ruling out other pathologies in patients with suspected renal colic. 12 Over the past two decades, CT utilization has grown from 4% in 1996 to 1998, to over 45% in 2008. 3, 13 A more recent study suggests that the rate of CT scanning may currently approach 80% in some centers. 14 However, patients are subjected to ionizing radiation and its associated risks, as well as the possibility of clinically unimportant incidental findings. 15, 16 The recalcitrant nature of the pathology also places patients at risk of incremental radiation exposures over a lifetime. 17 Increasing CT utilization contributes to the growing annual care costs of nephrolithiasis, which are estimated to be over $5 billion in the United States. 18 Formal, radiology-performed ultrasonography (RADUS) is an alternative imaging modality. Compared to CT, RADUS has reported sensitivity 70.0% to 76.5% and specificity of 94.4% to 100%. 19, 20 Point-of-care ultrasound (POCUS) has received increasing attention for the diagnosis and management of nephrolithiasis. In patients presenting with renal colic, POCUS is used to detect hydronephrosis, which can be quantified as mild, moderate, or severe, depending on a subjective assessment of the degree of pelvicalyceal dilatation. Occasionally, stones can be directly visualized, and visualization of ureteral jets can be utilized as a surrogate for ureteral flow. The utilization of POCUS holds promise in its potential to decrease radiation exposure and costs. Evidence has shown that RADUS and POCUS perform comparably, with a reported inter-rater reliability of 87.5%. 21 However, the overall diagnostic accuracy and prognostic value of POCUS for nephrolithiasis has not yet been assessed in the literature as a systematic review and meta-analysis. The primary and secondary objectives of this study are to determine the accuracy of POCUS for the diagnosis of nephrolithiasis and to assess the prognostic value of POCUS for the management of nephrolithiasis
METHODS
The PRISMA statement has been referenced in the reporting of this systematic review. The protocol for this systematic review was developed by the authors and has been registered to the PROSPERO international prospective register of systematic reviews (42016035331).
Search Strategy
Two investigators (CW, PY) created a preliminary search strategy that was subsequently refined by a medical librarian (HLR). Citations were found by searching the following databases from the first date available to April 15, 2016 : Ovid MEDLINE, Embase, PubMed, Scopus, and Web of Science. Combinations of subject headings, keywords and synonyms used included: nephrolithiasis, kidney calculi*, renal stone*, flank pain, point-of-care*, ultrasonography, POCUS, and bedside ultrasound (Data Supplement S1, available as supporting information in the online version of this paper, which is available at http://onlinelibra ry.wiley.com/doi/10.1111/acem.13388/full). Reference lists of included studies as well as previously published narrative reviews and conference abstracts were handsearched.
Study Selection
Eligibility criteria were developed to ensure the applicability of our findings to the ED population. We included studies that enrolled adult patients greater ACADEMIC EMERGENCY MEDICINE • June 2018, Vol. 25, No. 6 • www.aemj.org than or equal to 18 years of age presenting to an ED with signs or symptoms suggestive of nephrolithiasis, including flank pain, dysuria, or severe paroxysmal abdominal pain radiating to the groin. We included studies where an emergency physician or trainee performed the POCUS examination; however, studies explicitly designed as feasibility studies in medical education were excluded. Acceptable criterion standards were CT, direct stone visualization, or surgical findings. Studies using IVP or RADUS as criterion standards were excluded as they have been shown to have significantly reduced accuracy compared to CT. 12 Our secondary objective was to assess the prognostic value of POCUS in terms of patient-and clinicianimportant outcomes. Studies where patients received POCUS for the purpose of predicting relevant outcomes such as missed alternate diagnosis, repeat imaging, hospitalization and intervention rates, mortality, or other adverse events were considered for inclusion in conference between two authors (PY, CW).
Study Collection and Processing
Two reviewers (CW, PY) performed an independent relevance screening of the abstracts from the electronic search to identify articles of potential relevance to the research question. The reviewers then compared the review logs of included and excluded studies. A kappa statistic was utilized to determine the level of agreement. All of the potentially relevant studies would undergo full-text review to determine which would be included in the final quantitative and qualitative analyses. Any discrepancies in this process would be adjudicated by group discussion involving a third reviewer (EL).
Quality Assessment
The QUADAS-2 is an instrument utilized in systematic reviews of diagnostic test accuracy studies to evaluate the risk of bias and applicability in the individual studies. 22 While it does not generate a global numeric score, it gives a reproducible assessment that summarizes seven categories of bias as "high," "low," or "unclear." The QUADAS-2 tool was utilized independently by two authors (PY, CW) to rate the studies reporting diagnostic accuracy, with discrepancies adjudicated by group discussion with a third author (EL).
In assessing for quality, the authors determined a priori to rate each study according to its potential applicability in the following clinical scenario: adults presenting to the ED with complaints suggestive of renal colic, who receive an emergency physician or trainee-performed POCUS examination followed by one of the aforementioned reference standards to confirm the presence of a stone. Since renal POCUS examinations are a common and easily performed test, any physician-performed POCUS would be considered to have a low risk of bias if it was performed prior to or without knowledge of any confirmatory testing such as formal US or CT. Reference standard CT scans were considered to have low risk of bias if they were performed during the same ED visit as the POCUS examination and were interpreted by an attending radiologist without explicit knowledge of the POCUS examination results. The risk of bias of other criterion standard examinations would be considered on a caseby-case basis in conference between the authors (PY, CW).
Data Collection
Relevant data were independently extracted from each of the included studies using a Microsoft Excel spreadsheet by one author (CW), with accuracy confirmed by a second author (PY). Authors were contacted to provide missing data where necessary.
Data Analysis
To determine the diagnostic accuracy of POCUS, a meta-analysis was performed of the high-quality studies as determined by QUADAS-2 assessment. Inter-rater reliability for each element of the QUADAS-2 assessment was reported using the Bennett's S-statistic. 23, 24 Forest plots were used to visually summarize and compare the individual studies. The presence and magnitude of heterogeneity between studies were evaluated using the chi-square test and I 2 statistics. We independently pooled the sensitivity and specificity with 95% confidence intervals (CIs) using the random effects model of DerSimonian and Laird. 25 We estimated likelihood ratios (LRs) based on our summary estimates of sensitivity and specificity.
Finally, a traditional summary receiver operator curve (SROC) with a regression model based on unweighted least-squares estimation was computed to examine for evidence of a threshold effect. 26 A threshold effect can be a cause of heterogeneity between studies of diagnostic test accuracy. Differences in sensitivities and specificities can occur due to variations in thresholds used to define a positive or negative result, which could manifest in renal POCUS examinations as varying interpretations of the presence or degree of hydronephrosis.
All calculations were done with the Meta-Disc software. 27 Subgroup analysis was performed on studies that separately reported accuracy results stratified by degree of hydronephrosis on POCUS examination. Due to the anticipated variation in the types of outcomes that would be encountered in the articles reporting prognostic value, the results of these studies would be summarized as a narrative review.
Test-Treatment Threshold
Pauker and Karriser 28 described a useful model of a "test-treatment threshold" approach to decision making. The physician estimates the probability of disease in a patient and withholds treatment, obtains further data with a confirmatory diagnostic test, or proceeds directly to treatment. Unfortunately, this model cannot be practically applied to POCUS for nephrolithiasis, since POCUS is an intermediate test that contributes to a pretest estimate of probability of stone presence, informing a decision on whether to pursue the confirmatory test, which is CT. Furthermore, the model described by Pauker and Karriser requires a single, well-defined and clearly beneficial treatment to be offered as a result of a positive test. Reasonable estimates of the benefits and risks of offering or withholding this treatment must also be available. In the case of renal colic, the existing treatment variations that range from observational management, lithotripsy, stenting, to surgical extraction do not meet this criterion. [29] [30] [31] Treatment also depends on the type, size, and location of the stone, none of which are available on a typical POCUS exam. A test-treatment threshold was therefore not calculated in this study. Figure 1 (PRISMA diagram) summarizes the results of the electronic search and article selection. The electronic search yielded 627 unique abstracts. An initial relevance screening of abstracts performed by two reviewers (CW, PY) identified 26 articles potentially relevant to the research question. There was excellent agreement between the two reviewers (j = 0.96; 95% CI = 0.90-1.00). The search also revealed a conference abstract without a full-text publication of a similar systematic review published in 2011, 32 as well as a narrative review of this topic from 2013. 33 Review of the bibliographies of these articles as well as the included articles revealed no additional references missed by the initial electronic search. No non-English articles were encountered in the search.
RESULTS

Search Results
The identified articles were reviewed in full-text form by the same authors, yielding nine articles that met the inclusion and exclusion criteria. [34] [35] [36] [37] [38] [39] [40] [41] [42] Per protocol, discrepancies in this process were adjudicated by conference involving a third author (EL). The nine articles meeting the inclusion and exclusion criteria underwent quality assessment. Table 1 summarizes the salient characteristics of the nine included articles. Three of these studies reported diagnostic accuracy only, three reported on prognostic value only, and three studies reported both. The prevalence of renal stones in the diagnostic accuracy studies ranged from 34.5% to 84.2%.
Study Characteristics and Quality Assessment
Results of the quality assessment for the six diagnostic accuracy studies are summarized in Table 2 . The study by Smith-Bindman et al. 41 was found to suffer from a significant risk of bias due to a weak reference standard (direct stone visualization or surgical removal determined by follow-up phone call) and a large proportion of patients lost to follow-up (131/ 908 = 14.4%). The remaining five studies had minimal to no deficiencies upon QUADAS-2 assessment and were thus considered high-quality studies to be included in the main meta-analysis.
Primary Objective: Diagnostic Accuracy Figure 2 and Table 3 summarize the sensitivities, specificities, and likelihood ratios obtained from each study. The five high-quality studies included in the main meta-analysis enrolled a total of 1,773 subjects. The pooled results for sensitivity and specificity were 70.2% (95% CI = 67.1%-73.2%) and 75.4% (95% CI = 72.5%-78.2%), respectively. The calculated pooled positive and negative likelihood ratios were 2.85 and 0.39. The SROC generated did not show evidence of a threshold effect ( Figure 3) .
A sensitivity analysis was performed to assess the impact that excluding the study by Smith-Bindman et al. 41 may have had on the results. With this study included, the pooled results for sensitivity and specificity were 65.1% (95% CI = 62.3%-67.8%) and 75.0% (95% CI = 72.6%-77.3%), respectively. The pooled positive and negative likelihood ratios were 2.76 and 0.38 (Table 3) .
All five high-quality studies utilized the criterion standard of CT examination. Where it was not stated explicitly in the text, authors were contacted to confirm that noncontrast CT examinations of the abdomen and pelvis were performed in all five of these studies. As well, in all of the included studies, CT examinations were performed during the same ED visit and interpreted by an attending radiologist. Two of the studies defined a positive CT as presence of hydronephrosis, two studies considered a positive CT to be ureteral stone visualization, and one study examined both, but reported hydronephrosis only ( Table 1 ). The latter study (Herbst et al. 38 ) reported no significant difference in their accuracy results whether hydronephrosis or visualized ureteral stone was used as the standard. Visual inspection of the forest plot CIs and the chi-square and I 2 measurements of heterogeneity (Figure 2 ) suggest moderate heterogeneity for sensitivity and minimal heterogeneity for specificity.
Records identified through database searching (n = 930)
Additional records identified by hand search (n = 3)
Records after duplicates removed (n = 627)
Abstracts screened (n = 627)
Records excluded after review of abstracts (n = 601)
Full-text articles assessed for eligibility (n = 26)
Full-text articles excluded (n = 17)
Conference presentation or abstract only (7) Pediatric population (3)
Non-representative diagnostic intervention (2) Inappropriate gold standard (3) Incompletely reported data (2) Articles meeting all criteria (n = 9) †While diagnostic accuracy was the primary outcome for this study, it did not meet inclusion criteria into the diagnostic accuracy arm of this systematic review as it did not enroll patients presenting to the ED with renal colic symptoms.
Two studies (Herbst et al. 38 and Daniels et al.
34
) stratified POCUS findings into categories of absent, mild, moderate, or severe hydronephrosis; these definitions are consistently described within the POCUS literature. 43 Both studies found that the finding of moderate or greater hydronephrosis yielded high specificities with correspondingly high positive likelihood ratios for the presence of a renal stone (Table 4 ). The pooled specificity of these two studies is 94.4% (95% CI = 92.7%-95.8%).
Secondary Objective: Prognostic value
The six studies yielding data on the prognostic value of POCUS in renal colic are summarized below.
Fields et al. 35 (Hospitalization Rate) A prospective convenience sample of 77 patients was enrolled to determine the prognostic value of POCUS for the primary outcome of hospitalization within 30 days, as determined by patient follow-up phone call (4/77 = 5.19% were lost to follow-up). The overall admission rate was 16.9% (13/77). Figure 2. Forest plots of sensitivity and specificity of POCUS for the diagnosis of nephrolithiasis. Reference standards for each study are detailed in Table 1 . The relative size of each red circle denotes the population size in the corresponding study. POCUS = point-of-care ultrasound.
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Higher degrees of hydronephrosis conferred higher rates of hospitalization. No patients in this study had severe hydronephrosis. Of those with moderate hydronephrosis, 36% (4/11) were admitted, compared to 24% (9/38) of those with mild hydronephrosis. No patients (0/28) without signs of hydronephrosis were admitted within 30 days. This study was the only one to incorporate examination of ureteral jets, and it found that absent ureteral jets did not predict need for urologic intervention nor hospitalization (p = 0.6).
Riddell et al. 40 (Stone Size and Number) This retrospective chart review evaluated the predictive value of POCUS for the quantity and size of renal stones found on CT. The authors found 125 patients who had a documented POCUS examination and a CT scan demonstrating a renal stone over a 6-month period. They found a statistically significant improvement in the sensitivity of POCUS for diagnosing larger stones ≥ 6 mm (sensitivity = 90%; 95% CI = 82%-98% [The number of decimal places of CIs was inconsistently reported in this study]) compared with smaller stones < 6 mm (sensitivity = 75%; 95% CI = 65%-86%; p = 0.016). Sensitivity also improved significantly with increasing numbers of stones. For patients with three or more stones, the sensitivity of POCUS was 100% (95% CI = 63%-100%). While this study is limited by its retrospective nature and potential bias related to selective charting of POCUS findings, the overall sensitivity of POCUS in this study was 78.4% (95% CI = 70.2%-85.3%), which is comparable to our own meta-analysis.
Goertz and Lotterman 37 (Stone Size) This retrospective review of 177 patients who had a documented POCUS examination and a CT diagnosis of renal stones sought to determine the relationship between presence and degree of hydronephrosis on POCUS with stone size greater than 5 mm on CT. Increasing degree of hydronephrosis on POCUS was significantly correlated with an increased likelihood of a stone greater than 5 mm (p < 0.001). Patients with absent or mild hydronephrosis were less likely to have large stones compared to patients with moderate or severe hydronephrosis (12.4% vs. 35.4%, p < 0.001).
Moak et al. 39 (Stone Size) This prospective study of diagnostic accuracy showed that accuracy improved substantially when diagnosing stones greater than or equal to 5 mm ( Table 1) . The sensitivity and specificity of POCUS for large stones (≥5 mm) were 90.0% (95% CI = 54.1%-99.5%) and 63.9% (95% CI = 53.4%-73.2%). Reference standards for nephrolithiasis in each study are specified in Table 1 . FN = false negative; FP = false positive; LR+ = positive likelihood ratio; LR-= negative likelihood ratio; TN = true negative; TP = true positive. *This study is excluded from the main meta-analysis, which is reported as the pooled results for five studies. Daniels et al. 34 (Urologic Intervention Rate, Stone Size, Alternate Diagnosis)
The secondary outcome of this study examined the ability of POCUS to predict need for urologic intervention, as determined by 90-day patient followup phone calls (18.6% lost to follow-up). Overall, 30.1% of patients with symptomatic stones on CT received a urologic intervention (16.0% of patients presenting with renal colic). Increasing degrees of hydronephrosis on POCUS were associated with higher rates of urologic intervention: intervention occurred in 22.8% of those with any hydronephrosis (odds ratio [OR] = 2.7, 95% CI = 1.8-3.9) and 32.9% in those with moderate or greater hydronephrosis (OR = 3.5, 95% CI = 2.3-5.3), compared to only 10.0% in those with no hydronephrosis.
Those with any degree of hydronephrosis were four times more likely to have a large stone (>5 mm) compared to those with no hydronephrosis (17.4% vs. 5.1%; OR = 3.9, 95% CI = 2.4-6.4), and this was even more prominent in those with moderate to severe hydronephrosis (28.1% vs. 7.1%; OR = 5.1, 95% CI = 3.2-8.1).
The investigators also found that 6.5% (54/835) of enrolled patients had acutely important alternate findings found on CT. The presence of hydronephrosis in all enrolled patients reduced their risk of an acutely important alternate diagnosis (OR = 0.31; 95% CI = 0.16-0.60); however, 12 patients with hydronephrosis (including two with high-risk STONE scores) were found to have acutely important alternate findings. Acutely important alternate findings were considered present if they were determined to be the cause of the presenting flank pain and required intervention or admission from the ED. The most common of these were urinary tract infection or pyelonephritis, diverticulitis, appendicitis, neoplasm, and ovarian or adnexal pathology.
Smith-Bindman et al. 41 (Rate of Missed Alternate Diagnosis, Radiation Exposure)
This multicenter, pragmatic, effectiveness trial of 2,759 patients randomized patients with renal colic symptoms into one of three groups-POCUS, RADUS, or CT. For the primary outcome of 30-day incidence of high-risk diagnoses with complications attributable to delayed diagnosis, no significant difference was found between groups, although the overall incidence was low (0.4%). Lower 6-month cumulative radiation rates were found in both ultrasound groups compared to the CT group (p < 0.001). Secondary outcomes of serious adverse events, average pain at 7-days, return ED visits, and hospitalization did not differ between groups.
Of note, this study estimated the diagnostic sensitivity and specificity of POCUS at 54% (95% CI = 48%-60%) and 71% (95% CI = 67%-75%), respectively; however, stone diagnosis was defined as patient observation of stone passage or patient report of surgical stone removal, both as determined by follow-up phone call. Using this criterion standard, the sensitivity of CT for stone diagnosis in this study was only 88% (95% CI = 84%-92%). Furthermore, data were incomplete for 131 patients (14.4%) in the POCUS arm of the study. Thus, this study was excluded from our main meta-analysis.
This study found a very low rate of acutely important alternate findings with complications. Compared to the study by Daniels et al., 34 which identified acutely important alternate findings from CT report abstraction, not all patients in this study received CT. Important alternate diagnoses were defined as a diagnosis made within 30 days of the index ED visit from a prespecified list as identified by patient follow-up phone calls. This study considered alternate diagnosis to be important only if it was complicated, for example, appendicitis with rupture, but not appendicitis itself. Only 11 patients (0.4%) from the total study population were identified, with no significant CT = computed tomography; FN = false negative (mild or no hydronephrosis, positive CT); FP = false positive (moderate or greater hydronephrosis, negative CT); LR+ = positive likelihood ratio; LR-= negative likelihood ratio; TN = true negative (mild or no hydronephrosis, negative CT); TP = true positive (moderate or greater hydronephrosis, positive CT).
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difference between the randomized groups. Of these 11 patients, five had pyelonephritis with bacteremia, two had urosepsis, and one patient each had diverticulitis with abscess, small bowel obstruction with ischemia, ovarian torsion, and renal abscess.
DISCUSSION
This systematic review and meta-analysis demonstrates that the overall accuracy of POCUS for the diagnosis of nephrolithiasis is modest. The pooled positive and negative likelihood ratios of 2.85 and 0.39 can only slightly modulate a clinician's pretest probability of the presence of a symptomatic stone. Thus, the decision of whether to pursue further imaging should be an aggregate estimate based on one's clinical assessment incorporating history, physical examination, urinalysis, and POCUS findings, combined with a knowledge of local approaches to stone management and both the clinician and the patient's tolerance of uncertainty. Evaluation of the prognostic value of POCUS does reveal two findings that support its utility in specific clinical circumstances. First, when moderate or greater hydronephrosis is present, it is indeed highly specific for the presence of a symptomatic renal stone. When this is found at the bedside, patients can be informed with reasonable certainty that the cause of their symptoms is a renal stone, a condition that is typically selflimited. Patients with moderate or greater hydronephrosis on POCUS are also more likely to have large stones. While these patients are more likely to subsequently require surgical intervention or admission, the majority will require no further intervention, irrespective of POCUS findings. At this point, whether to pursue CT imaging for stone characterization or urology referral would be dependent on adequacy of pain control, duration of symptomatology, and regional practice. It should be noted that while the studies in this review demonstrate a specificity of 94.4% for symptomatic stone, severe hydronephrosis is a rare finding and should prompt consideration for an alternate cause for the patient's symptomatology and ultrasound findings.
Second, all four of the studies examining the relationship between stone size and POCUS findings demonstrate a trend toward improved sensitivity for diagnosing large stones (≥5 mm) when any degree of hydronephrosis is present. The studies examining this differed substantially in methodology, statistical reporting, and the definition of a large stone; thus, they were not amenable to meta-analysis. This finding may be helpful for stratifying a patient's risk of failure of expectant management. For example, in a patient with suspected nephrolithiasis based on history, physical examination, and urinalysis, the additional finding of any hydronephrosis on POCUS may alert the physician of a higher likelihood of a larger stone and thus an increased risk of failure of spontaneous passage. This must again be interpreted in the context of the clinician's regional practice, but the magnitude of this increased risk should not necessitate immediate investigation or referral. Expectant management with or without medical expulsive therapy is still indicated. The patient and clinician may have a lower threshold to pursue future imaging or urologic consultation if the symptoms do not resolve after a trial of passage.
The rate of acutely important alternate diagnosis reported by the two studies that investigated this outcome varied substantially. Daniels et al. 34 found an overall 6.5% rate of alternate diagnosis compared to the rate of Smith-Bindman et al. of 0.4%. 41 The definitions of acutely important alternate diagnosis were comparable between the studies, although the study by Smith-Bindman et al. 41 required that the diagnosis must also be complicated. The study protocol of Smith-Bindman et al. 41 also explicitly sought to exclude patients that the treating physician considered to be at high risk of cholecystitis, appendicitis, bowel disorders, or aortic aneurysm, whereas the study by Daniels et al. 34 did not specifically exclude these highrisk patients. Pyelonephritis was the most frequently missed diagnosis in both studies. In the study by Daniels et al., 34 the presence of hydronephrosis decreased the odds of a dangerous alternative diagnosis but did not rule it out completely. The findings from these two studies are similar to a prior study on the rate of acutely important alternate findings on CT in flank pain patients, where pyelonephritis was also the most common acute alternate finding. 44 Notably, other studies investigating incidental findings on CT have found higher rates of alternate pathology when less rigorous criteria are applied to whether or not the findings are related to the presenting flank pain. 45, 46 However, these studies are not comparable in methodology to the studies in this review Dalziel and Noble 33 performed a narrative review of bedside ultrasound on the diagnosis of nephrolithiasis. All five of the studies incorporated in their review were captured in our study's electronic search and eventually into full-text review and quality assessment.
Of these five studies, two were excluded from our meta-analysis based on low QUADAS-2 scores; the remaining three were included. 36, 39, 42 Their review did not incorporate a systematic search, and they did not perform a meta-analysis of their findings on diagnostic accuracy. Another systematic review and meta-analysis of a similar nature was published as a conference abstract 32 but has not been published as a full-text article. The present article represents the first systematic review and meta-analysis on this topic.
The strength of this meta-analysis is the inclusion of only high-quality studies with low risk of bias. All studies included in the main meta-analysis compared POCUS to the criterion standard modality of CT. Other studies that did not meet our inclusion criteria have reported higher sensitivities and specificities of POCUS accuracy, but have depended on less accurate reference standards such as IVP or radiology-performed ultrasound. [47] [48] [49] The sensitivity analysis that included the study by Smith-Bindman et al. 41 demonstrated an appreciable decrease in the pooled sensitivity, but minimal impact on the overall positive and negative likelihood ratios.
LIMITATIONS
Studies of diagnostic test accuracy are subject to multiple forms of diagnostic bias. 50 The studies in the main meta-analysis were subject to imperfect criterion standard bias. Although all studies utilized the same reference standard modality, a positive CT finding was defined variably between the studies (Table 1) . While in theory, utilizing hydronephrosis on CT as the criterion standard may increase the index test's sensitivity (since a proportion of symptomatic renal stones will not cause hydronephrosis), this was not apparent upon inspection of our study results. The included studies yielded similar accuracy results irrespective of the definition of a positive CT. As well, the one study (Herbst et al. 38 ) that examined both standards found no difference in their findings of POCUS accuracy. Therefore, it was felt that pooling the results was appropriate. In the end, the clinical significance of the meta-analysis would not change meaningfully if the data were separated into two pools. An imperfect criterion standard bias was also apparent in the study by Smith-Bindman et al. 41 Patients in this study were considered to have a stone if it was surgically removed or if directly visualized upon passage. Since small stones can easily be missed upon passage, we would expect this to lower the index test's sensitivity. This was realized in the study results and was one of the major reasons for its exclusion from the main metaanalysis.
There were four studies that examined the prognostic value of POCUS for stone size. Goertz and Lotterman 37 and Riddell et al. 40 retrospectively examined patients who received both POCUS and CT, and both studies found that any hydronephrosis on POCUS was correlated with larger stone size or number. It is possible that the POCUS results were incorporated in the clinician's decision-making process that led further CT examination, thus potentially selecting a population with higher disease prevalence or greater disease severity and overestimating the accuracy of POCUS in identifying larger stones. However, Moak et al. 39 and Daniels et al. 34 were the other two prognostic studies examining stone size, and both of these studies were prospective, with all enrolled patients receiving both POCUS and CT examinations. They were not subject to the same bias and yet came to similar conclusions as the former studies.
Fields et al. 35 and Daniels et al. 34 were the two studies that prospectively studied intervention rates after POCUS. While both studies found that intervention was more common with higher degrees of hydronephrosis on POCUS, it is again unclear whether the index test itself might have influenced the decision to intervene on or admit a patient. This would be a form of partial verification or referral bias and would tend toward increasing the prognostic value of POCUS in detecting stones requiring intervention.
IMPLICATIONS FOR FUTURE RESEARCH
This systematic review identified five high-quality studies that together have adequately assessed the diagnostic accuracy of POCUS for nephrolithiasis. Until technology or training programs progress substantially, it is unlikely that further study of accuracy will substantially alter this evidence base.
Diagnostic accuracy is the lowest tier of evidence in diagnostic research, as it does not account for patientimportant outcomes. 51 This study attempted to quantify the prognostic value of POCUS for renal colic management; however, these studies were small and fraught with bias. While surgical intervention and hospitalization can be considered patient-important outcomes, regional variation and lack of consensus on when or how to intervene on kidney stones likely renders these outcomes difficult to reproduce or compare between centers. [29] [30] [31] Therefore, future patientoriented research on the prognostic value of POCUS will be tethered to developments on the evidence of benefits and harms of urologic stone intervention. In particular, further research to understand the causes and implications of regional practice variation will be important to ED practitioners. Best-practice recommendations on imaging and diagnostic practices for urologic stone disease would benefit greatly from multispecialty inputs between urology, diagnostic imaging, and emergency medicine.
The large, randomized control trial by Smith-Bindman et al. 41 has already evaluated the safety of POCUS, prospectively measuring patient-important factors including missed high-risk diagnoses and radiation exposure. Further focused study on the prognostic value of POCUS for other patient-important outcomes is required. These factors include missed work, repeat ED visits, pain control, and renal function. Subsequent cost analysis of the randomization groups in the trial by Smith-Bindman et al. 41 also showed no substantial cost savings in the POCUS group compared to RADUS and CT. 52 Hospital admissions comprised 50% of the total costs and substantial variation was found between study sites. Justification of the time, effort, and financial costs of maintaining POCUS capacities in EDs for the purposes of renal colic would be best addressed by looking at system-level costs, with a focus on admission rates for nephrolithiasis.
The inter-and intra-rater reliability of emergency physician-performed POCUS for nephrolithiasis has yet to be assessed in the literature and is therefore a potential direction for future research. Only a single study (Fields et al. 35 ) has examined the presence or absence of ureteral jets as a prognostic finding in POCUS, thus this variable remains open to further study for both the diagnosis and the management of renal colic.
CONCLUSION
Point-of-care ultrasound has modest diagnostic accuracy for diagnosing nephrolithiasis. The finding of moderate or greater hydronephrosis is highly specific for the presence of any stone, and the presence of any hydronephrosis is suggestive of a larger (>5 mm) stone in those presenting with renal colic.
